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SUM4ARY 


A two -blade rotor having a diameter of 4 feet and a solidity of 
0.037 was tested in the Langley 300-MPH 7 - by 10-foot tunnel to obtain 
information on the effect of certain rotor variables on the blade 
periodic bending moments and flapping angles during the various stages 
of transformation between the helicopter and autogiro configuration. 
Variables studied included collective pitch angle, flapping -hinge offset, 
rotor angle of attack, and tip-speed ratio. 

The results show that the blade periodic bending moments generally 
increase with tip-speed ratio up into the transition region, diminish 
over a certain range of tip-speed ratio, and increase again at higher 
tip-speed ratios. Above the transition region, the bending moments 
increase with collective pitch angle and rotor angle of attack. The 
absence of a flapping hinge results in a significant amplification of 
the periodic bending moments, the magnitudes of which increase with 
tip-speed ratio. When the flapping hinge is used, an increase in 
flapping-hinge offset results in reduced period bending moments . 

The aforementioned trends exhibited by the bending moments for 
changes in the variables are essentially duplicated by the periodic 
flapping motions . The existence of substantial amounts of blade stall 
increased both the periodic bending moments and the flapping angles. 

Harmonic analysis of the bending moments shows significant contri- 
butions of the higher harmonics, particularly in the transition region. 
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INTRODUCTION 


In the quest for a machine possessing both hovering and high-speed 
capabilities, there is a continuous need fcr information on the dynamic 
behavior of rotor systems. 

Prior to World Wax II, much work was done on the analytical and 
experimental determination of the characteristics of rotors, including 
the determination of flapping angles, lift-drag ratios, and so forth. 
(See, e.g., refs. 1 to 5 .) Although many cf the results of these 
studies are applicable to helicopters (which operate primarily at nega- 
tive rotor angles of attack), the emphasis was on autogiros (which oper- 
ate at positive rotor angles of attack) . The lack of engines of suitable 
power-weight ratio to permit hovering flight was probably the significant 
factor in the early emphasis of the autogiro. 

During and following World War II, the helicopter became a reality 
and has developed rapidly. The forward velocity of the pure helicopter 
configuration, however, is limited because of blade stall on the 
retreating blades and compressibility effects on the advancing blades. 

A possible way of achieving higher speed ir forward flight while pre- 
serving the salient advantages of the helicopter for hovering and ver- 
tical flight is to unload the rotor in forward flight by providing the 
vehicle with a conventional lift surface ard an airplane type of pro- 
pulsion system (refs. 6 to 8). This convertiplane-type configuration 
places the rotor again in a semiautogiro configuration. 

Although much information exists on the steady aerodynamics and 
blade flapping angles of the autorotating rotor (refs. 1 to 5 ) on 
the periodic flapping angles and bending moments of helicopter rotors 
(refs. 5 and 9 to 11), very little has beer published on the variation 
of periodic rotor-blade bending moments or flapping angles in the 
various stages of transformation between tie helicopter and autogiro 
configurations. In an effort to obtain information on blade periodic 
bending moments and flapping angles in these flight regions, a dynamic 
model of a two-blade rotor was tested in tie Langley 300-MPH 7 - by 
10-foot tunnel over a range of tip-speed ratios from 0 to 0.30 and at 
positive rotor angles of attack from 0° to 60 °. Other parameters 
studied were collective pitch angle and blf.de flapping-hinge offset. 

The results of this study are reported herein. 


SYMBOLS 


El blade flapwise bending stiffness, lb-in. ^ 

distance from flapping hinge to axis of rotation, ft 
unless otherwise stated 


e 
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M double amplitude of blade periodic flapwise bending moments , 

in -lb 

R blade radius, ft unless otherwise stated 

r radial distance to blade element, ft unless otherwise stated 

V tunnel velocity, fps 

v induced velocity at rotor (always positive), fps 

a rotor angle of attack (angle between flight path and plane 

perpendicular to axis of no feathering, in this case, the 
shaft axis) positive when axis is inclined rearward, deg 

P double amplitude of blade periodic flapping angle, deg 

0 blade collective pitch angle, deg 

A rotor inflow ratio, V sin a - v 

m 

p tip-speed ratio, — a 

^ blade azimuth angle, deg 

ft rotor angular velocity, radians/sec 

Subscripts : 


1 

blade 

station 

at 

r/R 

= 0.25 

2 

blade 

station 

at 

r/R 

= 0.42 

3 

blade 

station 

at 

r/R 

= 0.625 

4 

blade 

station 

at 

r/R 

= 0.833 


r reference bending moment 


APPARATUS AND TEST PROCEDURE 


Apparatus 

The test apparatus includes the rotor and rotor drive system, the 
model support, and the wind tunnel. Pertinent details of the apparatus 
are given as follows: 
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Rotor characteristics and configurations .- The rotor configurations 
studied in this investigation include a two-blade fixed-at-root rotor 
and a two-blade flapping rotor having offsets of 0 , 5 > and 10 percent of 
the rotor radius. All tests were conducted with the same blades; only 
the root fittings were changed to obtain the desired configuration. In 
each case, the rotor had a diameter of 4 feet and a solidity of 0.037* 

The blades were rectangular in plan form with a chord of 1.4 inches, 
untwisted, and had an NACA 0012 airfoil section. The blades were scaled 
in stiffness and weight to be representative of the dynamic characteris- 
tics of present-day helicopter blades. This scaling was accomplished 
by forming the blade profile of cellulose -acetate material to an aluminum 
spar having the proper weight and stiffness distributions. 

The blades were attached to the rotor shaft by means of root 
fittings as shown by figures 1 and 2. Figure 1 shows the construction 
of the fixed-at-root condition. 

The particular flapping configuration shown in figure 2 corresponds 
to the 5 -percent -offset condition; however, the other offset fittings 
were constructed in the same manner by varying the lengths of the hub 
and the extension plates. Drag hinges were used in all tests, and ih all 

cases were located at — = 0.15. Drag-hinge dampers were used on the 

R 

flapping configurations only. As indicated in the figure, blade- 
retention straps were provided to transmit the centrifugal forces to 
the hub . A change in blade offset was accomplished by removing the 
drag -hinge pin and changing the offset fitting. Figure 2 shows that 
the blade collective pitch angle was unaffected by changes in offset 
fittings since the provisions to change the pitch angle were outboard 
of the drag -hinge pin. 

The stiffness and weight distributions along the span of one blade 
for the various root fittings are given in figures 3 and 4, respectively. 
Frequency diagrams for the blade with the four root fittings are pre- 
sented in figure 5 in which the uncoupled natural frequencies of the 
first three bending modes and the harmonics of the rotor frequency are 
plotted as functions of the rotor speed. The natural frequencies of the 
nonrotating blade were measured experimentally, and the natural fre- 
quencies of the rotating blade were determined by using the procedure 
of reference 12 . 

Model support and rotor drive system :- The model was supported from 
the ceiling of the tunnel test section by means of a rigid cantilever 
beam, hereinafter designated as the model support, which positioned the 
rotor approximately on the center line of the test section at the center 
of the tunnel balance system. The model and the model support are shown 
in figure 6 , and a sketch of the support with appropriate dimensions is 
given in figure 7 . Figure 7 also shows the method used in changing the 
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rotor angle of attack. Changes in rotor angle of attack were accom- 
plished by varying the length of the angle -of -attack control arm. 

The rotor system, which included both the slipring assembly and 
the rotor shaft, was driven by a commercial utility type of electric 
drill motor. The rotor speed was controlled by varying the voltage to 
this drill motor. 

Wind-tunnel characteristics .- The model was tested in the Langley 
500-MPH 7 - by 10 -foot tunnel and was mounted in the tunnel test section 
as shown in figure 6 . Nominal dimensions of the test section are 7 feet 
high, 10 feet wide, and 15 feet long. The position of the model in the 
.tunnel corresponded to the position for best flow conditions as indicated 
by flow surveys . 

No wind-tunnel corrections are applied to the data presented in 
this paper because of the lack of information applicable to the correc- 
tions of the periodic phenomena studied. However, it is reasonable to 
expect some effect of wind-tunnel interference on the data because of 
blockage, flow angularity, velocity variations, and so forth, particu- 
larly at the lower tunnel velocities and at high disk loadings . 


Instrumentation 

One blade of the rotor was instrumented to measure the blade flapping 
angle and blade f lapwise bending moments . The blade flapping angle was 
measured by means of the electrical-resistance-wire flapping indicator 
shown in figure 2. The blade bending moments were measured at four span- 
wise stations (r/R = 0.25, 0.42, O. 625 , and 0.833) by means of strain- 
gage bridges mounted on the spar. The periodic variation of rotor thrust 
was obtained from a strain-gage bridge mounted on the rotor balance 
which is indicated in figure 7 . Bridges were also mounted on the rotor 
balance to indicate hub moments but these were not used during this 
investigation . 

A rotor-speed timer was used to record the rotor speed which was set 
during the tests by controlling the motor voltage and checked by means of 
stroboscopic lighting. 

The velocity of the air in the tunnel was measured by means of a 
calibrated commercial air meter and checked by means of a calibrated 
sphere . Both of these were mounted on a common stand which is located 
about 1 rotor diameter upstream of the rotor, approximately at the 
height of the rotor, and about 2 feet to one side of the tunnel axis as 
shown in the lower right-hand corner of figure 6 . 
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A slipring -brush assembly, mounted on the rotor shaft within the 
housing which is shown in figure 7> was used to transmit the signals 
from the rotor to the control station where they were recorded, 
together with the wind velocity, on oscillograph records. Sample 
oscillograph records are shown in figure 8 aid discussed in subsequent 
sections . 


Test Procedure 

The model was tested over a range of wind-tunnel velocities at 
rotor angles of attack from 0° to 60° in increments of 10°. For each 
rotor angle of attack there existed a maximum tunnel velocity (imposed 
by structural limitations of the model) at wrxich the tests could be 
conducted. This limitation is such that the maximum tunnel velocity 
decreases as the rotor angle of attack increases. 

The testing technique involved increasing the rotor speed of the 
model to the test value of 800 rpm at which point the tunnel was brought 
up to the maximum desired speed for that test condition. After the flow 
in the tunnel had become well established at that speed, the tunnel 
power was shut off. As the tunnel speed decreased, oscillograph records 
of the strain-gage responses were taken and the corresponding tunnel 
velocity was recorded. The rate of decay of forward speed was low enough 
to permit records to be taken at velocity intervals of 2 fps or less. 

Each of the four root fittings was tested at collective pitch angles 
of 0°, 3°, and 6°. In order to minimize the errors associated with fre- 
quent changes of blade collective pitch angl^, all tests for one pitch- 
angle setting were made before repeating the test procedure for a differ- 
ent pitch-angle setting. 


METHOD OF ANALYSIS AND PRESENTATION 


The procedure followed in the analysis of the data to obtain the 
periodic blade bending moments and periodic olade flapping angles may be 
described as follows. The double amplitudes of the envelope of the 
strain-gage trace deflections and the flapping-angle trace deflections 
of the blade were measured from the oscillograph records taken during 
the wind-tunnel tests. These trace deflections were then interpreted 
by means of calibration curves to obtain the bending moments and flapping 
angles of the blade. Calibration of the blaie consisted of static tests 
which involved applying known weights to the blade tip for the bending 
moments and deflecting the blade through a range of known angles for 
flapping. The use of a single spar to transmit blade loads permitted a 
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simple calibration technique inasmuch as coupling of bending and 
torsion deformations could be avoided. The measured bending moments and 
flapping angles were then plotted as a function of tunnel speed. Fig- 
ures 9 and 10 are typical of these plots and show, respectively, the 
double amplitude of the blade periodic bending moments at a selected 
radial location and the periodic flapping angles for one configuration 
over the range of test conditions. 

Because of the large amount of data obtained, it was decided to 
assemble the data in tables and to present representative samples of 
these data in figures as required for discussion of the significant 
points or trends found during the investigation. Tables I to IV, which 
contain these data, were obtained by first fairing curves through the 
data points as shown in figures 9 and- 10. The faired curves were then 
read for specific values of tip-speed ratio p and tabulated for the 
appropriate conf iguration and rotor angle of attack. The tables show 
the double -amplitude blade periodic flapping angle j5 and the double - 
amplitude blade periodic bending moments at the four radial strain-gage 
locations M^_ to M^. The representative samples of these data are 

plotted as a function of appropriate independent variables to point out 
the significant results of the study. 


RESULTS AND DISCUSSION 


Bending Moments 

The measured, double -amplitude, periodic bending moments of the 
blade are presented in tables I to IV. The tables contain the data 
obtained at the four spanwise blade stations (r/R = 0.25, 0.42, 0.625, 
and 0.855) for all test conditions. Representative samples of data are 
selected from the tables and plotted in figures 11 to 20 to aid in the 
discussion of the results and trends observed. 

Inasmuch as blade stall is a significant factor with respect to 
periodic bending moments and flapping angles of the blade, it was 
believed that an indication of the proximity of stall would be useful. 
Consequently, short vertical lines are shown on the curves of appropriate 
figures to indicate the value of p at which the stall angle of attack 
of the blade element (at = 27O 0 ) occurs when the tangential velocity 
is equal to O.-toR. This criterion (ref. 15) for rotors operating at 
positive angles of attack appears to give a good indication of the tip- 
speed ratio at which the effects of stall become significant. For the 
Reynolds number of these blades (approximately 65,000), the data of ref- 
erence 14 indicated the blade-element angle at stall to be 8°, which was 
used to establish the stall limits. 
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In the presentation of the data in figures 11 to l6, the data are 
plotted to show, first, the variation of bending moment at the inboard 
station (r/R = O.25) with tip-speed ratio for different values of col- 
lective pitch angle, rotor angle of attack, and flapping-hinge offset 
(figs. 11, 15, and 15), and second, the variation of bending moment with 
r/R for six different values of tip-speed ratio (figs. 12, 14, and 16) . 
Figures 17 to 20 present the results of a harmonic analysis of the 
records from which the samples shown in figure 8 were obtained. A dis- 
cussion of the results presented in these figures follows. 

Effect of blade collective pitch angle .- Figures 11 and 12 present 
representative samples of data chosen to demonstrate the effect of 
blade collective pitch angle on the double amplitude of the blade 
periodic bending moments. Figure 11, which presents the data for 
e/R =0, a = 20°, and r/R = O.25, shows bending moment plotted as a 
function of tip-speed ratio for the three values of blade collective 
pitch angle tested. The figure shows that, at a given value of tip-speed 
ratio, the bending moment generally increases with collective pitch angle; 
this increase is rather consistent and of a significant order of magnitude 
throughout the range of tip-speed ratios. The curves also show, for col- 
lective pitch angles of 3° and 6°, the characteristic variation of bending 
moment with tip-speed ratio, which will be further discussed in subsequent 
sections, is manifest in a maximum in the region of transition followed 
by a minimum at a value of \x of 0.12. Thj s fluctuation of bending 
moment with tip-speed ratio is such that the bending moment for 9=3° 
at (jl = 0.05 is greater than the bending moment for 9=6° at 

p = 0.12. 

Figure 12, which presents data for e/R = 0 and a = 20°, shows 
the distribution of double -amplitude bending moments along the span (as 
indicated by the four strain-gage stations) for six specific values of 
tip-speed ratio. The effect of collective pitch angle may be observed 
by comparing the relative magnitudes of the curves for the respective 
collective pitch-angle settings for the given tip-speed ratios . This 
figure shows that the magnitude of the bending moment generally increases 
with an increase in collective pitch angle at all spanwise stations. 

In figure 12, and in subsequent figures which show the bending 
moment as a function of a fraction of blade radius , it is observed that 
the bending moment at r/R =0.42 is consistently less than corresponding 
moments at r/R = 0.25 and at r/R = O.625. This distribution is appar- 
ently due to the fact that a significant portion of the blade moments 
involves bending in the second elastic mode which, because of the charac- 
teristic of the curvature of this mode, exhxbits very little moment in 
the vicinity of r/R = 0.42. (See fig. 3 ox' ref. 9-) 

Effect of rotor angle of attack .- The effect of rotor angle of 
attack on the periodic bending moments is conveniently shown by the 
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samples of data presented in figures 13 and 14. Figure 13 presents the 
double -amplitude bending moment as a function of tip-speed ratio for a 
representative case (e/R = 0, r/R = 0.25, and 9=3°) for the complete 
range of rotor angle of attack. The data presented in this figure show 
several typical trends. First, the bending moments measured for a = 0° 
are not consistent with the results obtained at small positive angles 
of attack, say at a = 10°. Second, there are definite maximums in 
the bending moments in the so-called transition range (used in this paper 
to designate the intermediate range of p of approximately 0.02 to 0.12) 
for the lower values of rotor angle of attack (a = 0°, 10°, and 20°) 
which is reminiscent of the increase in bending moments found for blades 
operated in the negative rotor-angle -of -attack or helicopter regime 
(refs. 9 to 11). Following this peak:, the bending moments subside and 
increase again at the higher values of p . Third, with the exception of 
the case for a = 0°, the bending moments at the values of p beyond 
transition range generally increase with rotor angle of attack. Whether 
the bending moment increases or decreases with a corresponding increase 
or decrease in rotor angle of attack is contingent upon the magnitude 
of the tip-speed ratio. Furthermore, this figure shows that, as the 
tip-speed ratio is increased from p = 0.045 to p = 0 . 15 , the angle of 
attack which yields the highest bending moment varies from a = 20° to 
a = 40°. This variation is perhaps better shown in figure 14 in which 
the double -amplitude bending moment is plotted against fraction of 
blade radius for the four spanwise strain-gage locations at rotor angles 
of attack of 0°, 20°, and 40° for six specific values of tip-speed ratio. 
Figure 14 also shows that the spanwise distribution of the double- 
amplitude bending moment essentially remains unchanged as the rotor 
angle of attack and tip -speed ratio are varied. 

Effect of flapping hinge and magnitude of flapping-hinge offset . - 
The effect of the flapping hinge and the magnitude of flapping-hinge 
offset on the double -amplitude bending moments of the blade is illus- 
trated by the representative samples of data (a = 20° and 0 =3°) 
presented in figures 15 and l6. Figure 15 presents the bending moments 
measured at the inboard strain-gage location (r/R = 0.25) for the 
fixed-at-root configuration as well as for the three flapping configu- 
rations. These data show that the bending moments are substantially 
higher for the fixed-at-root configuration than for the flapping con- 
figurations as might be expected. The figure also shows the typical 
maximums in bending moments at low tip-speed ratios, but except for the 
very low tip-speed ratios, a beneficial effect of offset (i.e., a reduc- 
tion in bending moment) is evident. It is also quite evident from 
figure 15 that the beneficial effect of the flapping rotor as compared 
with the cantilever rotor is more pronounced at the higher values of p. 
This latter effect is again emphasized in figure l6 in which the bending 
moments are presented as a function of r/R for discrete values of p. 
This figure shows that the use of a flapping hinge substantially 
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reduced the moments over the inboard portion of the blade as expected 
but that the moments on the outboard half ol the blades are essentially 
unchanged. A reduction in the double -amplitude bending moments with 
increasing flapping-hinge offset is also indicated for the configura- 
tions tested herein. In general, the effects of flapping -hinge offset 
on the bending moments would be expected to be dependent upon the mass 
distribution over the inboard portion of the blade. 

Effect of tip-speed ratio .- The effect of tip-speed ratio on blade 
bending moments is evident in figures 11 to l6. These data show that, 
in general, the characteristic variation of bending moment with tip- 
speed ratio at positive rotor angles of attack, which simulates the 
unloaded rotor or autogiro state, is similar to that observed for the 
rotor operated at negative angles of attack which is the fundamental 
working condition for the helicopter. This characteristic variation in 
bending moment is typified by a maximum in the bending -moment curve at 
some tip-speed ratio in the transition range, followed by a reduction 
in bending moment until a minimum is reached. As the tip-speed ratio 
is increased beyond the value at which the minimum occurs, there appears 
to be a rather consistent and substantial increase in blade bending 
moment. The existence of the maximum in the bending moments during the 
transition range is associated with high asymmetries of the induced 
flow occurring in this region. The data for the range of variables 
covered in this investigation indicate that the tip-speed ratios corre- 
sponding to the maximum and minimum, respectively , increase somewhat 
with blade collective pitch angle (fig. ll) and decrease with rotor angle 
of attack (fig. 15 ). These results demonstrate a tendency for the maxi- 
mum and minimum to occur at a constant value 1 of the rotor-disk lift 
coefficient . 

An inspection of the samples of oscillograph records presehted in 
figure 8 suggests that there is a substantial change in the harmonic 
content of the double -amplitude bending moments as the tip-speed ratio 
is varied. In order to obtain a qualitative; idea of the magnitude of 
the changes in harmonic content, the records from which the samples of 
figure 8 were taken were harmonically analysed and the results are pre- 
sented in figures 17 to 20 for the spanwise locations of r/R = O.25, 
0 . 42 , O.625, and O.835, respectively. The liarmonic analysis was per- 
formed by averaging the ordinates at each o:’ 24 points per cycle for 
five cycles prior to the computation of the harmonic components . 

As a preliminary to further discussion of the harmonic analysis, 
it is helpful to refer to the frequency diagram of the blades which is 
presented in figure 5. The case being cons:.dered is that of e/R = 0 
and the corresponding natural frequencies are shown by the long-dashed 
lines. At the operating rotor speed (indicated by the vertical line 
on the figure at 13-3 cps), the ratios of the natural frequencies of 
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the first three elastic bending inodes to the rotor speed are approxi- 
mately 2.5, 4.6, and 7*9; respectively. From a resonance standpoint, 
amplification of the bending moments would be expected due to the second, 
third, fourth, fifth, and, particularly, the eighth harmonic components 
of the aerodynamic loading, if such components exist. Previous experi- 
ence (refs. 6 , 9 ; and 10 ) with helicopter rotors indicates that all 
harmonic components of aerodynamic loading do exist at least to some 
degree, with the magnitude of the lower harmonics predominating particu- 
larly for tip-speed ratios corresponding to the transition and high- 
speed-flight regimes. Thus, it is expected that some evidence of 
resonance amplification will exist in the harmonic analysis of the 
bending moments . 

In each of figures 17 to 20, the harmonic component which has the 
maximum amplitude is used as a reference, and the bending moment 
associated with it is given in the legend. The figures show, in general, 
that the expected resonance amplifications do exist. 

An interesting variation of the harmonic content as a function of 
blade radius is afforded by comparison of the figures for the different 
values of r/R for a = 0° or a = 20°. For example, in the case of 
a = 0°, at r/R =0.25 (fig* 17 ( a )) the second harmonic component has 
the largest amplitude; whereas, for r/R = O .625 (fig. 19(a)) the first 
harmonic component is the largest. 

At the high values of p, the figures show that at a = 0°, the 
harmonics are rather uniformly distributed as compared with those at 
a = 20 ° where the lower order harmonics predominate. 


Flapping Angles 

Experimental results . - The flapping-angle data are presented in 
tables I to IV. A study of the data shows that the results are in 
general agreement with information presented for larger rotors in 
references 5 and 4 for similar ranges of variables. However, the range 
of variables for the model tests included both autorotative and powered- 
flight conditions which permitted tests to extend well into the stall 
region. Inasmuch as the effects of the additional range of variables 
are believed to be of interest, a few samples of the double -amplitude 
flapping results are presented in figures 21 to 24. 

A sample of the data which shows the typical effect of collective 
pitch angle is given in figure 21. (The short vertical lines are used 
again to designate the value of p where stall effects are expected to 
become significant.) The effect of rotor angle of attack is illustrated 
by figure 22. Both figures show, in general, a consistent and rather 
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sharp increase in the flapping angle as the tip-speed ratio exceeds the 
value at which stall effects are expected tc become Important. 

As shown in figure 23, the data obtained in this investigation do 
not show any definite effect of the amount of flapping-hinge offset on 
blade flapping. This fact is contrary to the results of reference 15 
wherein the flapping was found to decrease when the flapping -hinge 
offset was moved from e/R = 0 to e/R = 0.13« However, flight condi- 
tions were somewhat different in the referer.ee tests than those covered 
herein, particularly in that those results were obtained from tests 
conducted at a negative rotor angle of attack and over a much wider 
range of tip-speed ratios. 

Comparison with theory .- In an effort to obtain a qualitative 
evaluation of the agreement between the trends obtained in the present 
experimental study and those predicted by simplified theoretical means, 
the first two harmonic components of the blade flapping angles were com- 
puted for collective pitch angles of 3° and 6° and rotor angles of 
attack of 0° and 20°. Both the experimental results (all harmonics) and 
the calculated results (first two harmonics are given in figure 2k. 

The calculated results are based on the assumptions that the blades do 
not stall, that the induced velocity is uniform over the rotor disk, and 
that A^ is relatively small compared with p2. With these assumptions 
on inflow conditions and stall, the value of A was calculated by the 
method of reference 5 and used to obtain the effective angles of 
attack of the blade segments and the resulting flapping angles. 

A comparison of the results presented :.n figure 2k shows that the 
experimental flapping angles generally exceed the calculated angles. 

For a = 0°, this discrepancy is most pronounced at low values of p, 
but for a = 20°, significant differences are apparent at both the 
higher and lower values of p . The results of the calculations showed 
that the assumption of uniform inflow essentially leads to pure first- 
harmonic flapping, the magnitudes of the second harmonic components 
being comparatively negligible. This was t’ue for both a = 0° and 
a = 20°. Furthermore, for 9 = 3° or 6° and a = 0°, the calculated 
la teral flapping is negligible compared with the longitudinal flapping. 
For 9 = 3° or 6° and a = 20°, the ratio of longitudinal flapping to 
lateral flapping decreases monotonically fr )m a value of approximately 
3 at p = 0.04 to 2 at p = 0.22. 

The fact that the experimental values of 3 as shown in figure 2k 
are substantially higher at the lower values of p than the calculated 
values is probably due to asymmetric inflow distributions over the rotor, 
and it is expected that such inflow conditions could lead to a consider- 
able amount of lateral flapping. (See refs. 3 and l6.) The existence 
of blade stall at the higher values of p would be expected to result 
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in increased flapping as indicated by the high experimental values shown 
in figure 24(b). 


CONCLUDING REMARKS 


The results of a wind-tunnel investigation of the blade bending 
moments and flapping angles for a two -blade rotor having a diameter of 
4 feet and a solidity of 0.037 and tested at positive rotor angles of 
attack may be summarized by the following remarks . 

The double amplitude of periodic bending moments of the blade 
generally increase with tip-speed ratio up to a tip-speed ratio within 
the transition region. Above this value, the bending moments decrease 
for a range of tip-speed ratio and then increase sharply with further 
increases in tip-speed ratio. The tip-speed ratio corresponding to the 
peak value of bending moment is a function of rotor angle of attack and 
generally decreases as the angle of attack is increased. At the higher 
values of tip-speed ratio, above the point of transition, the blade 
bending moment increases substantially with blade collective pitch angle 
and rotor angle of attack. Below the transition range, the effect of 
these variables depends on the configuration of variables being studied. 

A study of the spanwise distribution of the periodic bending moments 
indicates that the use of a flapping hinge does not appreciably affect 
the bending moments over the outer half of the blade but, as expected, 
the reduction over the inboard half is substantial. This reduction in 
bending moment appears to be significantly greater at higher tip-speed 
ratios than at lower tip -speed ratios. The data for the flapping config- 
urations also show a general reduction in bending moment as the offset of 
the flapping hinge is increased. 

The results of harmonic analyses of samples of the data show that 
the higher harmonic contributions to the total bending moments are 
appreciable, particularly in the transition range. 

A study of the blade flapping angles shows that the results are in 
general agreement with the results previously found for larger autogiro 
rotors over compatible ranges of test variables. For conditions of 
rotor angle of attack and collective pitch angle which lead to substan- 
tial effects of stall, the flapping angles increase sharply with tip- 
speed ratio . 

A comparison of the measured flapping angles with those calculated 
by means of simplified theory in which effects of asymmetric flow and 
blade stall are neglected shows good agreement at intermediate ranges of 
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tip-speed ratio but shows that the simplified theory greatly underesti- 
mates the flapping angles at low and at hign values of tip -speed ratio 
if the rotor variables are such that significant stall effects are 
encountered. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., December 9? 19^8. 
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TABLE I.- DOUBLE -AMPLITUDE BLADE FLAPPING AND SENDING-MOMENT DATA FOR FIXED-AT-ROOT CONFIGURATION 




TABLE II.- DOUBLE -AMPLITUDE BLADE FLAPPING AND BENDING -MOMENT DATA FOR FLAPPING CONFIGURATION WITH e/R 



TABLE III.- DOUBLE -AMPLITUDE BLADE FLAPPING AND BENDING -MOMENT DATA FOR FLAPPING CONFIGURATION WITH e/R * O.O? 



TABLE IV.- DOUBLE-AMPLITUDE BLADE FLAPPING AMD BENDING -MOMENT DATA FOR FLAPPING CONFIGURATION WITH e/F - 0.10 



Center line of rotation 
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Figure 1.- Blade root fitting for fixed-at-root configuration. 


Center line of rotation 
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Figure 2.- Blade root fitting for flapping-hinge -offset configuration. 


Rigid El = 78 lb-in. 
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Figure 3.- Blade sparwise stiffness distribution for the different root configurations. 


(d) e/R 


4 8 12 16 20 

Radial distance to blade clement, r, in. 

0 . 10 . 


Z a 


Figure 4.- Blade spanwise weight distributions for the different 

root configurations. 
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L- 58-88 

Figure 6.- Model mounted in tunnel test section, (a = 40 °, looking downstream.) 



Figure 7*- Model support showing method of varying rotor angle of attack 

Dimensions are in inches. 
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Figure 8.- Sections of typical records showing effect of tip-speed ratio on 

frequency content. e/R =0; 9 =3°. 













Figure 11.- Effect of collective pitch angle on double -amplitude blade 
periodic bending moment as a function of tip-speed ratio. e/R = Oj 
a = 20°; r/R = O.25. (Short vertical lines indicate values of n 
at which stall effects are assumed to be significant.) 







Figure 12.- Effect of collective pitch angle on double -amplitude blade 
periodic bending moment as a function of fraction of blade radius . 
e/R = 0; a = 20°. 
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Figure 13 . - Effect of rotor angle of attack on double -amplitude blade 
periodic bending moment as a function of tip-speed ratio. e/R = 0; 
r/R = 0.25; 9 = 3°« (Short vertical lines indicate values of p at 
which stall effects are assumed to be significant.) 
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Figure 15 . - Effect of flapping -hinge offset on double-amplitude blade 
periodic bending moment as a function of tip-speed ratio, a = 20 °; 

9 = 3°; r/R = O.25. (Short vertical lines indicate values of p at 
which stall effects are assumed to be significant.) 
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( a ) a = 0° 



( b ) a = 20° 

Figure 17*- Harmonic content of i 
moment at station r/R = 0.25 
e/R = 0; 0 = 3°; M x = 0.47 
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(b) a = 20° 

■e 18.- Harmonic content of < 
iraent at station r/R = 0.42 
R = 0; 0 = 3°; M 2 ' = 0.33 
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Figure 22.- Effect of rotor angle of attack an double-amplitude blade 
periodic flapping as a function of tip-speed ratio. e/R = 0; 0 =3 
(Short vertical lines indicate values of p. at which stall effects 
are assumed to be significant.) 




Figure 2J.- Effect of flapping -hinge offset on double -amplitude blade 
periodic flapping as a function of tip-speed ratio, a = 0°; 9 =6° 
(Short vertical lines indicate values of p. at which stall effects 
are assumed to be significant.) 







